Several techniques have been proposed to overcome challenges of meeting demands for higher data rates in wireless communication. Space-time diversity method is proposed to exploit spatiotemporal nature of the channel; hence, a comprehensive knowledge of the spatiotemporal properties of a channel is required. In this paper, a measurement-based channel model that considers both delay and angular domains of an indoor corridor channel for 14 GHz, 18 GHz, and 22 GHz is proposed. A nonparametric Gaussian kernel density estimation method is applied for cluster identification for the three frequency bands. This work proposes a spatiotemporal model that conditions the model parameters on the azimuthal spatial domain. The clusters are modeled on the complete azimuth plane and a Gaussian estimation distribution is fitted onto the empirical data plot. Both clusters and multipath components are modeled and results are compared with Saleh-Valenzuela model parameter values. The results show that both clusters and multipath components can be estimated by probability density functions that follow Gaussian and Laplacian fits on the spatial domain for indoor corridor environment, respectively.
Introduction
The challenges of spectrum shortage can be overcome by putting in place efficient and reliable wireless communication channel models. The frequency bands above 6 GHz promise large bandwidths and are thus desirable for application in fifth generation (5G) networks and beyond [1] . For optimum wireless communication systems' operation, massive multiple-input-multiple-output (MIMO) techniques have been introduced with capabilities to exploit both delay and angular domains to maximize capacity [2] . A successful design and deployment of indoor environment systems such as Femto Access Points, relies on an in-depth knowledge of radio channel propagation in terms of spatiotemporal channel fading [3] .
Many studies have considered both spatial and temporal correlation properties of a propagation channel [3] [4] [5] . The space-time processing techniques' performance is dependent on efficient modeling of the correlation between spatial and temporal domains of propagation at a particular frequency band. Based on channel measurements, the Saleh-Valenzuela (S-V) model is one of the popular and widely used models that describe the stochastic properties of path time of arrival (ToA) and amplitudes of the resolvable multipath components (MPCs) in a wireless communication system. It assumes the Poisson process in modeling both MPCs' and clusters' ToA [6] . This model was used as the basis for the IEEE 802.15.3a model and is also used to compare standardization proposals for wireless personal area networks (PANs) [7] .
An extension of S-V model (ES-V) was introduced which captured both temporal and angular information [8] [9] [10] for low-data speed wireless PANs. It assumes independence of spatial and temporal domains of each other. In addition, stochastic radio channel model (SRCM) based on measurement data [11] was conducted at 24 GHz frequency band in an office environment under line-of-sight (LOS) and nonline-of-sight (NLOS) scenarios. However, these models did not address the correlation of spatial and temporal properties of the channel, which are necessary for exploitation 2 Wireless Communications and Mobile Computing of space-time techniques in signal processing. In [12] , a measurement-based double-directional model for 60 GHz MIMO channel in a conference room was presented. The authors proposed a spatiotemporal channel model. Two approaches were provided for modeling spatiotemporal properties at 60 GHz band, namely, stochastic and ray-tracing (semideterministic approach).
More recently, the rotated directional antenna (RDA) and the uniform virtual array (UVA) approaches were adopted in investigation of a 60 GHz indoor office wireless channel in three dimensional (3-D) space [13] . The study considered the azimuth and the corresponding elevation domains simultaneously. Generally, the modeling was based on the ES-V model with specific emphasis on angular domain. However, these approaches did not incorporate the spatiotemporal correlation with parameters conditioned on the spatial domain in indoor corridor environments. Other studies on millimeter wave channel characterization can be found in [14] [15] [16] [17] [18] [19] .
The contribution of this paper is threefold: first, to have an in-depth study of statistical propagation channel characterization of the 14 GHz, 18 GHz, and 22 GHz bands in an indoor environment. In particular, it seeks to study the clustering of MPCs and spatial and temporal correlation characteristics of an indoor corridor channel. Second, to propose a spatiotemporal model that incorporates correlation properties and clustering with parameter conditioning on the spatial domain. Finally, this paper describes the impact of structural design, construction materials, and general geometry of radio wave propagation channel in the indoor environment on the propagation characteristics at 14 GHz, 18 GHz, and 22 GHz. The intercluster (cluster distribution) and intracluster (MPC distribution) channel parameters and correlation properties are analyzed using two joint probability functions (pdfs).
The rest of this paper is organized as follows: Section 2 presents the channel measurement set up, environment, and cluster identification. A kernel density estimate (KDE) approach is described in this section. In Section 3, spatiotemporal model that assumes dependence in delay and spatial domains is described. The proposed model is presented under characterization of channel parameters in Section 4. Validation of the proposed channel model and conclusion are given in Sections 5 and 6, respectively.
Channel Measurements and Data Processing

Measurement Environment.
The measurement campaign was performed in an indoor corridor environment of the 5 ℎ floor of the Discipline of Electrical, Electronic and Computer Engineering building, University of Kwa-Zulu Natal, South Africa. The structural and construction materials of the corridor are made up of concrete and brick walls, tiled floor, plasterboard ceiling, and wooden doors to offices as depicted in Figure 1 . The corridor is terminated by wooden doors on both ends and has a volume of 30×1.4×2.7 m 3 . Measurements were conducted with no movements of people in the corridor and doors remained closed. The corridor acted as a waveguide through which the waves were propagated from the Tx to the Rx via the direct path and the reflected or guided paths. Several scatterers (i.e., walls, floor, ceiling, lumps, doors, etc.) were in the vicinity of the Tx and the Rx that generated MPCs. The spatiotemporal correlation was analyzed in terms of the intercluster and intracluster parameters. The correlation between the spatial and temporal aspects of the propagation indoor corridor channel was modeled with the parameter values conditioned on the spatial domain for all the studied frequency bands. ∘ in azimuth for 14 GHz were used as illustrated in Figure 2 . At the frequency band of 18 GHz, the antenna gain, half power beamwidth elevation, and azimuth were 20.95 dBi, 15.6 ∘ , and 15.4 ∘ , respectively; while at 22 GHz, the antenna gain was 22.1 dBi and half power beamwidth was 13 ∘ in elevation and 15 ∘ in azimuth [20] . The Tx was fixed at one end of the corridor while the Rx was place at 1 m, 4 m, 8 m, and 12 m separations from the Tx for all the measurements at each frequency band on a LOS scenario as illustrated in Figure 1 . Both the Tx and the Rx antennas were fixed at 1.6 m above the floor for measurements in all the frequency bands. The receiving horn antenna was rotated on the azimuth plane in steps of 30 ∘ from 0 ∘ (boresight angle). Consequently, the direct and the reflected rays were captured both on spatial and temporal domains to describe the characteristics of the propagation channel. The elevation angle of both the Tx and the Rx horn antennas was kept at 0 ∘ for all the measurement points. The highly directional Tx and Rx antennas and geometry of the measurement environment realized very low signal levels reflected from the ceiling and floor in this research. The ceiling and floor distances were further from transmitting and receiving antennas as compared to side walls.
Measurement Set
Cluster Identification.
Measurements were performed in the time domain with the Rx antenna rotated on the azimuthal plane to capture the properties of the spatial domain of the channel. A cluster is defined in this paper as MPCs with similar characteristics on the spatial and temporal domains. Several researchers have reported diverse definitions of a cluster [21] [22] [23] . The MPCs resulted from reflections from scatterers along the propagation channel, a phenomenon previously reported in [6] . A number of parametric clustering techniques have been proposed such as K-means and Fuzzy C-means clustering methods [13, 24, 25] . However, we used the KDE technique which is a nonparametric density estimation procedure [26] . This technique was used in the identification of clusters from the measurements data. The KDE technique is appealing as it is solely based on the sample and hence avoids specification of the wrong parametric family as much as possible with the parametric approaches [27] .
A joint delay and angular clustering method such as KDE has been used in [3] to make identification of multipath clusters more realistic and practical. Recently, authors in [28] proposed a new algorithm for clustering measurement data based on KDE. In this paper, a Gaussian KDE is proposed to estimate the MPCs clusters in an indoor environment. We conducted measurements using a custom-made channel sounder and the applied estimation method fairly clustered the MPCs in both time and angular domains. The data set of our measurements has two components: spatial and temporal domains. We applied a two-dimensional (2-D) kernel analysis directly as it is often easier to visualize densities in 2-D [26] . The KDE for a 2-D data set can be expressed as in (1):
where ℎ Θ and Θ (⋅), and ℎ and (⋅) are bandwidths and kernel functions of spatial and temporal domains, respectively, and is the number of observations of measurement data for , Θ ∈ R. We applied a Gaussian KDE technique on the 2-D data set because of its robustness, simplicity, and convenience [3, 29] as expressed in (2) and (3) for time and angular domains, respectively:
Optimal bandwidth was automatically chosen without a compromise between under-or oversmoothing [26] . Figures  3, 4 , and 5 show the spatiotemporal MPCs contour plots of the measurement data for the three frequency bands. From the plots, it is clearly observable that MPC clusters exist in both space and time domains. For instance, a scatter plot is shown in Figure 6 for 22 GHz MPCs received in the corridor indicating the location in space and time where the estimated clusters were positioned. After the 2-D Gaussian KDE processing, the clusters were singled out by visual inspection. Other works that employed visual inspection to identify clusters are [3, 6, 10] .
Spatiotemporal Statistical Model
As reported in the S-V model, multipath components arrive at the receiver in clusters with delayed time of arrival and attenuated amplitudes [6] . The MPCs are reflected rays from scatterers that act as image sources along the propagation path. In an indoor corridor environment, these scatterers are generally the internal side walls, floor, ceiling, staircase, lamps, doors, and windows. Measurement data has thus been used to statistically characterize and model the indoor propagation channel such as S-V model.
The model presents parameters that can be used in simulation of the channel for in-depth understanding of the propagation phenomenon of the indoor corridor environment. The ES-V model is widely used and is based on clusters to derive channel parameters with the impulse response given by (4) [12] :
where ℎ is the channel response and , is the complex amplitude of the th MPC in the th cluster. and Ω are the ToA and angle of arrival (AoA) of the th cluster, respectively; , and , are the ToA and AoA of the th ray (i.e., MPC) in the th cluster, respectively; , is the phase of each MPC; and (⋅) is the Dirac delta function. , is assumed to randomly and uniformly vary over [0,2 ). The mean-squared power of the th ray in the th cluster is given by (5) and (6) [12] and depicted in Figure 7 :
where the cluster and ray ToA decay constants are represented by Γ and , respectively. 2 (0, 0) is the average power of the first ray of the first cluster [10] . The cluster and ray arrival times can be described by two Poisson processes if delay and angular properties are modeled independently. The interarrival time of clusters can be characterized by an exponential probability density function as presented in Figure 8 for the 18 GHz band. In addition, ray interarrival times within each cluster can be independently described in the same manner as shown by histogram plot in Figure 9 . Consequently, each cluster's arrival time is estimated by a distributed random variable that decays exponentially and is conditioned on the arrival of the previous cluster. The distributions of cluster and ray arrival rates, assumed independence, can be expressed as in (7) and (8), respectively [12] :
where Λ is the cluster interarrival rate and is the ray arrival rate (see Figure 7) . It is worth noting that the ES-V model assumes that time and angular parameters can be modeled independently. However this work jointly model the delay and spatial domain characteristics using a conditional angular-delay distribution function [3, 12] .
Characterization of the Channel Parameters
In this section, we characterize the propagation channel in terms of intercluster and intracluster parameters. A statistical characterization of the behavior of these parameters may be carried out by fitting the measurement data against the proposed theoretical distributions. The estimated intercluster and intracluster parameters results are presented and compared with S-V model values discussed in Section 3. As stated earlier, three frequency bands are considered in an indoor corridor environment (i.e., 14 GHz, 18 GHz, and 22 GHz) in LOS scenario and the average number of clusters for the 14 GHz band on the angular domain represented by the histogram plot of Figure 10 .
Intercluster Parameters.
The correlation between temporal and angular domains is noted to generate a joint 
where (Ω | ) is conditional AoA pdf for the cluster and ( ) is the marginal ToA pdf for the cluster. We considered all possible AoAs for the received reflections in the indoor corridor to empirically determine the joint pdf. Different frequency bands were considered with Tx system placed at one end of the corridor while the Rx was successively placed at four different locations from the Tx and all possible AoAs captured. The received MPCs are modeled by the joint AoA pdfs for each of the frequency bands. Figures 3, 4 , and 5 show the joint pdf, ( , Ω ) for the 14 GHz, 18 GHz, and 22 GHz cases, respectively. Figure 6 shows the scatter plot of the estimated clustered MPCs for 22 GHz. The clustering technique shows that there are five clusters of MPCs in the indoor corridor arriving at the Rx.
The angular axes for all the bands span the range -180 ∘ and +180
∘ to form the 360 ∘ full spatial azimuth span. We noted significant differences in the statistical analysis of the spatiotemporal domains of the channel at varying frequencies. MPCs that arrive at the Rx with both short and long delays at 14 GHz (Figure 3 ) have a wider angular range and uniform amplitude with three distinct clusters. The three clusters are due to the direct path and the reflected MPCs from both side walls. The 18 GHz band has paths with restricted angular range for short delays while having highly attenuated longer delay paths that have relatively wide angular range. Four clusters are observed as shown in Figure 4 . This could be attributed to the effects of the corridor geometry and structural design, resulting in destructive interference. In addition, surface roughness could have resulted in higher distortion and attenuation at this particular frequency band. This phenomenon needs further investigation by considering varying measurement environments. At 22 GHz band, five clusters were observed. The cluster with short delay paths has wider angular range than those with longer delays as seen in Figure 5 . It is also notable that the signals are less attenuated as compared to 18 GHz although number of clusters increased. Received MPCs at the Rx over short delays are composed of the direct LOS path and/or reflections from structures in the vicinity of the Rx. The Rx placed in the corridor is surrounded by walls, doors, floor, and ceiling, thus the reflections come from a large angular range.
In Figure 4 , for example, arrival paths with relatively short delay range have larger angular ranges and are observed to be reflected from both walls of the corridor. Arrival paths with larger delays are largely due to reflections from corridor end wall or multiple reflections within the corridor as radio waves are guided by the waveguide-like corridor. These paths of course suffer higher attenuation than early arrival ones because of longer paths traveled and multiple reflections. This characteristic of radio propagation in the channel is attributed to the general structure of the measurement environment ( Figure 1 ). As expected, one observes that different frequency bands have different propagation characteristics in the same environment. The probability of path arrivals is highest at 0 ∘ and for the shorter delay ranges in all the frequency bands. In addition, larger delay paths have high probability at 180 ∘ due to corridor end wall reflections as shown in Figures 3, 4 , and 5. Paths arriving from side walls incur least probabilities and are most attenuated. This is partly due to the geometry, structural design, and construction materials of the corridor. The cluster ToA has been modeled by the Poisson process that assumes independence of arrivals [6, 10] . However, in a regular structural design, such as indoor corridors, this independence does not hold [3] . In this paper, a nonparametric estimation of the pdf is used to model the arrivals based on measurement data. This is a more general approach with no assumption of Poisson process satisfied by the cluster arrival times.
The empirical cluster AoA histogram density for 14 GHz is shown in Figure 10 . The 14 GHz and 22 GHz frequency bands have a similar channel clusters behavior. Estimation of a cluster's marginal ToA pdf ( ) was done by accumulation of all the AoAs, {Ω } ∈ for 18 GHz as presented in Figure 8 . The estimated pdf is plotted as the dotted curve and the ( ) is modeled by an exponential pdf expressed as in (10):
where is the mean ToA. The cluster joint AoA pdfs for 14 GHz, 18 GHz, and 22 GHz are estimated using this new technique. (Ω | ) is characterized by an empirical distribution that fits the data. We considered the azimuthal spatial range from -180 11, 12, and 13 show the plots of the empirical distribution function and the estimated Gaussian pdfs. From the graphs, it is observed that a Gaussian pdf can closely estimate the cluster AoA in an indoor corridor at 14 GHz, 18 GHz, and 22 GHz frequency bands. The proposed Gaussian pdf to model the channel is given by (11):
where Ω is the standard deviation conditioned upon Ω . However, the tails of the empirical distributions for 14 GHz and 22 GHz have pronounced clusters appearing between 90 ∘ and 180 ∘ and -90 ∘ and -180 ∘ . This may be due to the presence of strong MPCs received as reflected, scattered, and diffracted from back and side walls. The approximation errors at these spatial ranges are within the acceptable margin as the probability of occurrence in most cases is less than 0.08. For 18 GHz, the empirical values are approximated better as weaker and fewer MPCs were received from the back and side walls. This may be due to the impact of structural design and construction materials of the corridor at this propagation wavelength.
Intracluster Parameters.
The ToA of the MPCs have been modeled by the Poisson process. In this approach, each cluster consists of a number of MPCs. To identify an individual ray composing a cluster, experimental measurements should be done in both spatial and temporal domains [30] . An extension of the proposed nonparametric projection of the pdf of the arrival time of clusters based on the measured data is adopted. The MPC marginal ToA pdf ( , ), is estimated using the accumulated MPCs' AoAs, { } ∈ . Figure 9 shows the MPC marginal ToA histogram probability density for 22 GHz, with the number of MPCs estimated by an exponential pdf plotted in dotted curve. The observed results are in agreement with [3, 31] . The joint MPCs position per cluster ( , , , ) can be expressed as (12):
where ( , ) is the MPC azimuth AoA pdf, expressed as a zero-mean Laplacian pdf in (13)
where is the standard deviation conditioned on the spatial domain for , . Figure 14 shows a scatter plot of the MPCs' AoA with respect to ToA while considering the MPCs' normalized power. The result shows that there is a correlation between AoA and ToA with respect to power. The paths with shortest delays arrive at 0 ∘ with highest power. Paths with larger delays have much wider spatial range and lower power at the Rx. The delayed MPCs are attenuated on the side walls of the corridor as they travel along the corridor. This implies that the probability density of MPC's AoA is a joint distribution of time and angle of arrival, as indicated in (12) .
Previous research has reported that the Laplacian distribution can be adopted to estimate the MPC's AoA pdf [3, 10, 11] . However, no justifiable reason is given over this choice except for it is fitting well against measured data. In [3] , the effects of local and distant scatterers on the distribution of MPC's AoA at the Rx are illustrated. As can be seen in Figure 15 , the scatters at the vicinity of the Rx can cause a large spatial range, and the Laplacian pdf neatly estimates the empirical distribution. The corridor, side walls, doors, ceiling, and floor can generate a lot of reflections in a wide spatial range. These paths are delayed and weak. However, distant scatterers tend to generate reflections within a narrow spatial range. The effect of distant scatterers was established to be at the spatial range of -30 ∘ to 30 ∘ . On assumption of same number of local and distant scatterers and each generating same number of MPCs, there would be a higher density on one direction and lower on the other. This gives a distribution similar to the Laplacian distribution with high density at the center and lower density on the side spatial areas.
Validation of the Proposed Channel Model
To validate the proposed pdf estimation of the indoor corridor channel at 14 GHz, 18 GHz, and 22 GHz frequency bands, the channel parameters are compared with S-V model. The estimated model and the S-V model channel parameters are listed in Table 1 . The building used in [6] to conduct measurements is almost similar to our measurement environment. We extracted the model parameters based on LOS scenarios for all the frequency bands. The temporal parameters are estimated using the methods in [6] and are generally larger than the S-V model parameters. The greatest discrepancy is in the estimates for the value of Λ because more clusters were observed (3-5 clusters) in the indoor corridor as compared to 1-2 in [6] . This was due to the structural design, construction materials, and general geometry of the corridor. In addition, the frequency bands considered were much higher than that in S-V model. We were able to identify the clusters that overlap in time but separate in spatial domain. This clearly separated clusters that would have been identified as a single group in time domain only. The S-V model has no spatial parameters values. Both Γ and were observed to be fairly similar to S-V model for 18 GHz and slightly higher for other frequency bands.
Conclusion
The spatiotemporal characteristics of the channel were captured and this information was used for MPCs clustering using a 2-D Gaussian KDE technique. In addition, the intercluster and intracluster parameters were extracted and the correlation between time and angular domains in clustering was determined using the proposed channel model. For 14 GHz, three clusters were observed, with the main cluster being between -30 ∘ and 30 ∘ . The clusters emerging at the tails of the distributions were as a result of the corridor end wall reflections especially for 14 GHz and 22 GHz bands. The 18 GHz band has a smoother tail because of weak MPCs received from the end and side walls. The clusters' distributions were modeled based on the spatial domain irrespective of time of arrival with variation in mean angle for all the measurements. Rays with short delays made up the clusters between -90 ∘ and 90
∘ for all the frequency bands. The MPCs' distribution within a cluster was approximated with a Laplacian pdf, with standard deviation from 3.0 ∘ to 3.3 ∘ for the three studied frequency bands. The application of the presented model in indoor corridor and enclosed environments with Tx antenna fixed at height ℎ and typical Rx antenna at height ℎ is described. For any arbitrary distance between the Tx and the Rx antennas, the channel can be easily simulated based on the parameters given in Table 1 . The channel can be realized by simulating the MPCs as a Laplacian distribution, then the clusters of the MPCs can be determined as a Gaussian distribution. The simulated channel can be effectively applied in design and deployment of signal processing techniques, network protocols, and massive MIMO for indoor and enclosed environments.
The novelty of this work is the introduction of joint pdf estimates that describe the stochastic properties of the channel with channel parameters conditioned on the spatial domain. Furthermore, it describes the correlation of the intercluster and intracluster spatiotemporal characteristics of the channel. The extracted channel parameters enable reproduction of the channel by computer simulation. The result of this work is applicable in any indoor corridor or enclosed environments with a waveguide-like structural design and concrete and wooden (doors) materials on walls, e.g., pedestrian underpass, tunnels connecting buildings, underground passageways, and through-pass corridors in malls. The corridor can have any cross sectional dimension and length.
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